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ABSTRACT

The plane-wave pseudopotential method is used to calculate the high energy exciton states of large CdSe quantum rods, including spin−
orbital coupling and screened electron−hole Coulomb interaction. Theoretical ground exciton energies of colloidal CdSe quanutm rods and
wires are in good agreement with recent experiment. In addition to photoluminescence spectra, our results also show strong polarization in
the absorption spectra of quantum rods, in contrast to spherical quantum dots. The absorption peaks as functions of the ground exciton
energy are compared with experimental results.

1. Introduction. New fabrication methods have enabled the
synthesis of high-quality CdSe quantum rods (the size
distribution is typically 5% in diameter and 10% in length).1,2

Since then, the shape effects of semiconductor nanocrystals
have found many applications, such as in lasers,3 biological
labels,4 and solar cells.5 Size-dependence of the optical
properties of CdSe spherical quantum dots has been studied
extensively.6-8 The band gap and oscillator strength can be
tuned by the change of quantum dot size. However, nanoc-
rystal shape can also significantly alter the optical properties
of nanocrystals. For example, a recent experiment has found
that the lack of a large overlap between absorption and
emission spectra in CdSe quantum rods can improve the
efficiency of light-emitting diodes (LEDs) since it reduces
reabsorption.9,10 Theoretically, semiconductor quantum rods
provide a good opportunity to study the shape-dependent
electronic and optical properties and the transition from zero-
dimensional quantum dots to one-dimensional quantum
wires.

Several theoretical approaches have been applied to treat
the electronic level structure of spherical CdSe quantum dots.
For example, both effective-mass theory11-15 and empirical
pseudopotential calculation16-20 can be used successfully to
describe the electronic states and optical properties of
spherical CdSe quantum dots. However, the theoretical
treatments of the shape effect on electronic structure of
colloidal nanocrystals are scarce. Recently Hu et al. have
calculated the electronic structure of CdSe quantum rods by
the pseudopotential method.9,10 The dependencies of elec-
tronic states on the length and diameter are studied. Highly
linearized polarization is found in photoluminescence (PL)
spectra, and the result is confirmed by experiment.9 However,
that work is concentrated on band edge states and PL spectra.
Recently, the interest has been shifted to high excited states

of colloidal CdSe quantum rods.21,22 By changing the
diameter of the rods, some high-energy excitonic transitions
have been resolved.22 It is also found that the absorption
spectra for CdSe quantum rods are also linearly polarized.21

These call for new theoretical investigations. In this work,
we will use the pseudopotential method to study the
absorption spectra and their polarizations of CdSe quantum
rods. We will also compare the absorption spectra peaks to
the recent experimental photoluminescence excitation (PLE)
results.

2. Theory. The direct diagonalization of the pseudopo-
tential Hamiltonian method has two steps: the single-particle
problem and the electron-hole interaction problem.

The Single-Particle Problem.In the first step, we solve
the single-particle Schrodinger equation for the wave function
ψ(x) (here,x ) (r ,σ) andσ ) v,V is the spin variable):

HereυR(r) is the screened atomic pseudopotential of typeR
at positionRn,R. The pseudopotentialυR(r) contains a local
part and a nonlocal part that includes spin-orbit interaction.
υR(r) was previously obtained by “inverting” the self-
consistently calculated ab initio bulk total potentials of
various CdSe crystals. This ensures that the wave functions
have ab initio qualities. Furthermore, special attention is
directed at obtaining experimental effective masses and bulk
band structures throughout the Brillouin zone. This is
particularly important as rod orbitals are consistent with the
bulk wave functions of the whole Brillouin zone. Equation
1 is solved for a 1000-atom quantum rod using the linear
scaling “folded spectrum method” (FSM).17,20 This method
obtains directly the eigen solutions of the band edge states
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without having to solve for the many states below the band
gap. A parallel program calledEscanis used in the current
calculation. This program uses a parallel FFT, and a real
space implementation of the nonlocal potential in eq 1. The
computations were carried out on the supercomputers in the
National Energy Research Scientific Computing Center
(NERSC).

The Electron-Hole Interaction Problem. In the second
step, we calculate the exciton transition energy as

whereJij is the Coulomb energy between the electron and
hole. Here we have neglected the small exchange interaction
and correlation effects.Jij is calculated as

Unlike the case in bulk exciton, here the electron and hole
are spatially close to each other, so the distance-dependent
dielectric function is needed to obtain an accurate result. The
screeningε(r 1-r 2) includes both the electronic and ionic
contributions, which are described using the modified Penn
model and the Haken formula, as discussed in ref 19.

The Optical Absorption Spectra and Polarization.The
optical absorption intensity is obtained by summing over the
dipole matrix elements coupling hole state (i,V) and electron
state (j,c), i.e.,

Here, f(E-Eij) is a Gaussian broadening function, andPxyz

is the momentum operator with the subscript “xyz” denoting
polarizations.

Structures and Surface PassiVation. A rod shape is
generated from the bulk wurtzite CdSe with a long axis along
the crystallographicc-axis (which we will call thez axis in
the following). We use bulk lattice constantsa ) 4.3 Å, c
) 7.001 Å. Surface atoms with only one remaining bond
have been systematically removed. In the laboratory-made
CdSe quantum rods, the surface is capped with organic
ligands. To simulate generic passivation we have placed
positive (negative) short-range electrostatic potentials (called
“ligand potentials”) near the surface Se (Cd) atom. The
details are described in ref 18.

3. Results and Discussion.We have calculated the energy
levels of CdSe quantum rods and wires with the diameters
of 2.0, 2.5, 3.0, and 3.8 nm, respectively. For 2 nm diameter
quantum rods, we have calculated the aspect ratio ranging
from 1.0 to 6.0. In these cases, our calculated electronic
structures of the 2 nm quantum rods are the same as that
shown in Figure 1 of ref 10. The two highest occupied levels
are crossing as functions of the aspect ratio of the rods. The
highest valence band energy levels arise from linear com-

binations of the atomic Se 4p orbitals. In spherical nanoc-
rystals the Se pxy orbitals have higher energies than the pz,
while in the quantum wire Se pxy orbitals have lower energies
than the pz. The cross of these two energy levels happens
when the rod aspect ratio is about 1.3. This level crossing
results in a sharp transition from plan-polarized emission
inside thexyplane to highly linear polarized emission along
the z direction.10 In Figure 1a, we show the electron-hole
Coulomb energy for the exciton as a function of the aspect
ratio for a 2 nmdiameter quantum rod. Figure 1b shows the
ground exciton energy including the Coulomb interaction as
a function of the aspect ratio. We see that the shape affects
the exciton energy most significantly when the aspect ratio
is small. The biggest confinement happens at the aspect ratio
of 1.0, i.e., the spherical dot. There the Coulomb energy can
be as large as 0.35 eV. The ground exciton energy converges
at aspect ratio of 3. We found that the high-energy exciton
states will converge at about aspect ratio of 10.0. Figure 2
depicts the single-particle energy gap of CdSe quantum wires
as a function of its diameter. The present calculations are
shown by open-circles for four diameters of 2.0, 2.5, 3.0,
and 3.8 nm, respectively. The triangles correspond to the
experimental data by Katz et al. using scanning-tunneling
measurement on single CdSe quantum rods at 4.2 K.22 The
dashed curve corresponds to the effective-mass calculation
from ref 22. One can find a good agreement between
pseudopotential calculation and experimental energy gap. To
compare with the experimental data by Li et al.,2 we have
calculated two quantum rods with shapes that mimic the
experimental quantum rod shapes: one of 3 nm in diameter
and 11.3 nm in length, another of 3.8 nm in diameter and
9.8 nm in length. They contain 2540 and 3333 atoms,
respectively. The calculated ground exciton energies (with
Coulomb interaction included) and the corresponding ex-
perimental results are listed in Table 1. As one can see, the
agreement with experiment is excellent.

Ei,j ) εj,c - εi,V - Jij (2)

Ji,j ) ∫∫ |ψi,V(x1)|2|ψj,c(x2)|2
ε(r1 - r2)|r1 - r2|

d3x1 d3x2 (3)

Ixyz(E) ) ∑
i,j

4e2

3m2c2
|〈ψi,V|Pxyz|ψj,c〉|2 f(E - Eij) (4)

Figure 1. (a) Coulomb energy and (b) ground exciton energy of
CdSe quantum rods as functions of the aspect ratio of rods. The
diameter of quantum rods is 2 nm.
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The calculated optical absorption spectra of CdSe quantum
rods with 2 nm diameter are shown in Figure 3a,b for the
aspect ratio of 1.0 (spherical quantum dots) and 3.1 (quantum
rods), respectively. We can identify the transition peaks as
A, B, C, D, E, F, G in Figure 3. Solid-curves show the
z-direction polarized transitions, while the dotted curves show
the averagedxy-plane polarized transitions. We denote the
conduction band (CB) states as CBn in increasing energy
order from the conduction band minimum usingn ) 1,

2, ..., and denote the valence band (VB) states as VBn in
decreasing energy order from the valance band maximum
using n ) 1,2,... The line shapes and intensities of the
transition peaks in Figure 3a are consistent with previous
calculations19,20 for quantum dot systems. Group A peaks
originate from the VB1fCB1 (A1) and VB2fCB1 (A2)
transitions. The splitting between the A1 and A2 peaks
corresponds to the crystal-field splitting by wurtzite structure
in CdSe quantum dots. The B peak originates from VB5fCB1

and VB7fCB1 transitions. The strong D and E peaks involve
high energy level transitions. For example, the D peak
originates from (VB3,VB4)f(CB2,CB3,CB4) transitions, while
the E peak originates from (VB5,VB6,VB7)f(CB3,CB4)
transitions. Thexy-plane polarized andz-direction polarized
curves are similar in Figure 3a. Thus there is no strong
polarization effect in a spherical quantum dot, although
wurtrize structure is intrinsically asymmetric. In contrast, a
high polarization of the absorption spectra is found in the
quantum rod, as shown in Figure 3b. It shows strong
polarization dependence up to 0.8 eV above the absorption
edge. Beyond that, there are many peaks and the polarization
effects are averaged out. The polarization dependence of the
absorption spectra is confirmed by recent PLE experiment
of single CdSe quantum rods.21 In that experiment, it was
found that the absorption coefficient depends on the exciting
photon polarization at a given photon energy. However,
based on our calculated results in Figure 3b, one can expect
to see more rich experimental results by scanning the PLE
excitation energy from the absorption edge. The polarization
direction should change with the change of excitation energy.
This is waiting for experimental confirmation. In Figure 3b,
A and B1 peaks originate from VB1fCB1 and VB2fCB2

transitions, respectively. Their transitions are from the
z-direction polarization modes. B2 and B3 peaks involvexy-
plane polarized transitions. Their intensities are weaker than
that of the B1 peak. They originate from the VB3fCB1 and
VB4fCB2 transitions, respectively. In Figure 3b, the E, F,
and G peaks also involve high-energy transitions. The E peak
corresponds to (VB6,VB15)f(CB6,CB4) transitions. The F
peak corresponds to (VB7,VB11)f(CB7,CB8) transitions. The
G peak corresponds to (VB14,VB19)f(CB9,CB6) transitions.

Recent experiments of PLE spectra for CdSe quantum rods
with long length are reported by Katz et al.22 To compare to
their experiment, we have calculated the optical absorption
spectra of CdSe quantum wires with diameters of 2.0, 2.5,
3.0, and 3.8 nm. The band gapsEg are 2.52 eV, 2.3 eV,
2.22 eV, and 2.09 eV, respectively. To our knowledge this
is the first theoretical calculation of optical absorption spectra
of a CdSe quantum wire. The results are shown in Figure 4.
The shape of main peaks in Figure 4 is similar to the
idealized density of states of one-dimensional quantum
wires.23 In this calculation, 10kz points are used for each
quantum wire to get the eigen energies and optical transition
matrix elements, then linear interpolation is used to generate
the results of 100kz points. This procedure gives well
converged band structures and absorption spectra. The major
transition peaks are assigned by the lettersa-e. The
connection of the peaks across different quantum wire sizes

Figure 2. Comparison of the single-particle energy gap of CdSe
quantum wires between theories and experiments. Dashed curve
corresponds to effective-mass approximation from ref 22, triangles
to the experimental data from ref 22 using scanning-tunneling
measurement on single CdSe quantum rods at 4.2 K. Open circles
correspond to present calculations. The solid line is a guide to the
eye.

Table 1. Exciton Energies by Theoretical Calculation of CdSe
Quantum Rods Compared with Experimental Data from Ref 2a

diameter (nm) length (nm) exciton energy(eV)

present calc 3.0 11.3 2.18
expt (ref 2) 3.2 11.0(0.7 2.20
present calc 3.8 9.8 2.10
expt (ref 2) 3.8 8.6(0.8 2.12

a Screened electron-hole Coulomb energy is included in the calculation.

Figure 3. Theoretical optical transition spectra of CdSe quantum
rods calculated using the screened pseudopotential Hamiltonian.
Coulomb interaction has been taken into account in the calculaton.
Egap is the ground exciton energy. The solid-curve shows the
z-direction polarized transition; the dotted curve showsxy-plane
polarized transition. (a) The aspect ratio of the rod is 1, and (b) the
aspect ratio of the rod is 3.1.
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is done by examining the symmetries of the initial and final
single-particle states related to each peak. Some peaks might
contain a few closely packed small peaks. For example, in
Figure 4a,b, peaks candd contain two or three peaks around
the position. But if we use a Gaussian broadening function
to fit these peaks, one can see that the separation peaks would
become one peak. Thus, we only assigned a few large peaks
(a-e) in the low energy region and use them to compare
with experiment. Except peakc, all other peaks are originated
from theΓ-point (kz ) 0) transition. At theΓ-point, peaksa
and b are related to the VB1fCB1 and (VB2,VB3)fCB1

transitions, respectively. Peaksd ande include high-energy
transitions. The main contribution to peaksd ande include
transitions from (VB3,VB4)f(CB2,CB3) and (VB5,VB6,VB7,-
VB8)f(CB2,CB3), respectively. Unlike the other peaks, peak
c originates from transitions at the shoulder of the band
structure: 0.15(2π/c)< kz <0.2(2π/c).

Figure 5 plots the positions of above peaks (filled dots)
and experimental PLE spectra results22 (diamonds) as func-
tions of the ground exciton energy. Our pseudopotential
calculations show reasonable agreement with experimental
results without any adjustable parameters. Especially the
positions of peakc are in good agreement with the experi-
ment. In ref 22, both PLE spectra and scanning-tunneling
spectroscopy are used to study the electronic states of CdSe
quantum rods. However, only PLE spectra can be compared
directly with the calculated aborption spectra in Figure 5.
There are not enough highly excited states of PLE spectra
in ref 22. More experimental results are desired. For
tunneling spectroscopy in ref 22, the experiment probes the
energy difference between conduction band states. ForEg

between 2.2 and 2.4 eV, the experimental CB2-CB1 energy
is in the range of 0.5 and 0.7 eV. Our calculated energy
difference of CB2-CB1 is in the same range, but slightly
smaller by about 0.05 eV.

4. Conclusions.We have used a plane-wave empirical
pseudopotential method to calculate the electronic structures
and optical spectra of surface-passivated CdSe quantum rods
and wires. We found that: (1) electron-hole Coulomb
energies and exciton energies decrease when the aspect ratio
of the rod increases; (2) our calculated ground exciton
energies are in excellent agreement with the recent experi-
mental PL energies for the same quantum rod shapes and
sizes; (3) strongly linearized polarization exists in optical
absorption spectra of CdSe quantum rods. This is in contrast
with spherical shape CdSe quantum dots, and in agreement
with recent experiment. New experiments can be carried out
to confirm the calculated excitation energy dependence of
the polarization. (4) The positions of the assigned high energy
absorption peaks as functions of the ground exciton energies
are in good agreement with the experiment. However, More
experimental results are desired for comparison with our
theoretical absorption spectra.
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